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A B S T R A C T
Advanced linear accelerator design may use Optical Transition Radiation (OTR) screens to measure beam spotsize; for instance, such screens are foreseen in plasma based accelerators (EuPRAXIA@SPARC_LAB) or Comptonmachines (Gamma Beam Source@ELI-NP). Optical Transition Radiation angular distribution strongly dependson beam energy. Since OTR screens are typically placed in several positions along the Linac to monitor the beamenvelope, one may perform a distributed energy measurement along the machine. Furthermore, a single shotenergy measurement can be useful in plasma accelerators to measure shot to shot energy variations after theplasma interaction. Preliminary measurements of OTR angular distribution of about 100 MeV electrons havebeen performed at the SPARC_LAB facility. In this paper, we discuss the sensitivity of this measurement to beamdivergence and others parameters, as well as the resolution required and the needed upgrades of conventionalOTR diagnostics, using as an example the data collected at SPARC_LAB.
1. Introduction
The Gamma Beam Source [1] (GBS) machine is an advanced sourceof up to ≈20 MeV Gamma rays based on Compton back-scattering,i.e. collision of an intense high power laser beam and a high brightnesselectron beam with maximum kinetic energy of about 720 MeV. TheLinac will provide trains of bunches in each RF pulse, spaced by thesame time interval needed to recirculate the laser pulse in a properlyconceived and designed laser recirculator. Thus, the same laser pulsewill collide with all the electron bunches in the RF pulse, beforebeing dumped. The final design foresees trains of 32 electron bunchesseparated by 16 ns, distributed along a 0.5 μs RF pulse, with a repetitionrate of 100 Hz.In a typical monitor setup, the beam is imaged via Optical TransitionRadiation (OTR) or YAG screen using standard lens optics, and therecorded intensity profile is a measure of the particle beam spot. Inconjunction with other accelerator components, it will also be possibleto perform various measurements on the beam, namely: its energy andenergy spread (with a dipole), bunch length [2] (with an RF deflector),Twiss parameters [3] (by means of the quadrupole scan technique)or in general 6D characterization on bunch phase space [4]. Suchtechniques are common in conventional [5] and unconventional [3,6,7]
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high brightness Linacs. In this paper, we refer unconventional or novelLinacs to the plasma based accelerators (both beam and laser driven)and to the GBS machine. The reason why, in our opinion, the GBSmachine can be defined as a novel Linac is due to the fact that it willproduce high brightness multi-bunch pulses (bunch by bunch separationof 16 ns) that will be accelerated by a newly designed, and not yetfully characterized, C-Band accelerating structures [8]. Such schemescould pose different challenges in terms of beam stability that need tobe measured by the appropriate diagnostics.Since OTR screens are typically placed in several positions along theLinac to monitor the beam envelope, one may perform a distributedenergy measurement along the machine. This will be useful, for instance,during the commissioning phase of the GBS in order to verify the correctfunctionality of the newly designed C-Band accelerating structures [8],due to the fact that there are OTR screens after each acceleratingmodule.Furthermore, a single shot energy measurement can be useful inplasma accelerators to measure shot to shot energy variations afterthe plasma interaction (i.e. EuPRAXIA@SPARC_LAB [9]). In order toperform this measurement with ultra short beams (typical in plasmaaccelerators), one needs to take into account also the coherent OTR
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whose contribution is neglected in this paper. Moreover, for this typeof beams, the use of dipoles to perform energy measurements could becritical, due to the high energy jitter.Several techniques have been proposed to measure energy of a beamwith high jitter using a spectrometer; for instance, in this study [10] theproposed configuration (with a total length of 1 meter) foreseen onedipole and 2 scintillating screens that can measure beam energy in therange from 10 MeV to 1.1 GeV. Other studies [11,12] proposed schemeswith both a permanent magnet and an electromagnetic spectrometer toincrease the resolution in an energy range that goes from 2 MeV to 400MeV. A simpler and more compact (25 cm) scheme [13] is based on apermanent magnet spectrometer and 1 lanex screen for low charge beamin the energy range from 20 MeV to 200 MeV. The technique proposed inthis paper, however, cover a wide range of energies (i.e. from 30 MeV to3 GeV) with a compact, cheap and already installed hardware (i.e. OTRscreen, CCD sensor, lenses). Moreover, if a different range of energies oran improvement of resolution is needed, one can easily change ‘‘in air’’optics without modifying in vacuum devices. This type of measurementmeets also the requirement of having a compact Linac since it does notneed any bending magnet.This paper describes a theoretical concept of the OTR-based electronbeam property measurements, followed by the experimental study usinga 100-MeV class conventional accelerator (SPARC_Lab). Conclusionsand outlook are presented as well.
2. Theory
Optical Transition Radiation screens are widely used for beam profilemeasurements, as well as in ELI-GBS [14,15]. The radiation is emittedwhen a charged particle beam crosses the boundary between twomedia with different optical properties. For beam diagnostic purposesthe visible part of the radiation is used; an observation geometry inbackward direction is chosen corresponding to the reflection of virtualphotons at the screen which acts as a mirror.The main advantages of OTR are the instantaneous emission processallowing fast single shot measurements, and the good linearity (neglect-ing coherent effects); indeed, the typical response time of the OTR is 10fs [16] while for a YAG screen is 70 ns [17]. The disadvantages are thatthe process of radiation generation is invasive, (i.e. a screen has to beinserted in the beam path and, unless a properly designed thin OTR foilis used, the beam got completely scattered when it passes through thescreen), and that the radiation intensity is much lower in comparison toscintillation screens.Another advantage of the OTR is the possibility to measure the beamenergy by means of observation of its angular distribution (see Fig. 1);this technique has been proved feasible by many authors [18,19], alsofor low energy beams [20]. The angular distribution can be expressedby the well known formula [18]:
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where 𝜔 is the frequency, 𝛺 is the solid angle, 𝐼 is the intensity ofthe radiation, 𝑒 is the electron charge, 𝑐 is the speed of light, 𝜖0 is thevacuum permittivity and𝑅(𝜔, 𝜃) is the reflectivity of the screen; the peakof intensity is at 𝜃 = 1∕𝛾 with respect to the beam direction.Due to the beam divergence, the angular distribution of the wholebeam will be different from 0 at the center: the ratio between theminimum and the maximum intensity is related to the beam divergence.A parameter called visibility can be defined as in Eq. (2): in analogywith the contrast function, the measurement with the OTR angulardistribution can be reliably done if the visibility parameter is greateror equal to 0.1 [21].
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Fig. 1. Horizontal profile of the OTR angular distribution of a single electron(Single Particle Function).
Assuming a Gaussian distribution of the divergences, the OTR angulardistribution can be written as the convolution between Eq. (1) and theGaussian distribution as in Eq. (3).
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where erf(𝑧) is the complex error function and ℜ is the real part [21].As it can be seen in Eq. (3), 𝐼𝑚𝑎𝑥 and 𝐼𝑚𝑖𝑛 depends on both divergenceand energy of the beam. Eq. (2), therefore, implicitly gives the rangeof beam energy and divergence over which this technique can be used:since for bigger energies the angular distribution narrows, the sensitivityto angular spread is higher than for low energy beams where the angulardistribution is wide. For instance, for a beam energy of 700 MeV, thedivergence must be below 2 mrad; for a beam energy of 5 GeV, thedivergence must be below 0.3 mrad, while for a beam energy of 140MeV, the divergence must be below 10 mrad.Moreover, the beam energy has an effect on the ability of a givenoptic system to resolve the angular distribution, since the angulardistribution narrows as the energy increases; therefore, a change of theoptic system (i.e. a bigger focal length) could be necessary.
3. Experiment
In this section we shown the application of the technique described inthe previous section to the high brightness photoinjector of SPARC_LAB;we verified the feasibility of the technique for different values of charge,energy, divergence) and with different measurement setup (i.e. singleshot and time integrated measurements).Eq. (3) was used to retrieve the beam energy and divergence fordifferent machine working points. The first working point, called ‘‘Dataset 1’’, was characterized by lower charge, energy and divergence withrespect to the second working point, called ‘‘Data set 2’’ (see Table 1).The optic layout used to observe the OTR angular distribution was thesame for the different working points and it was reported in [21].The measurements of the first working point, in the single shotconfiguration, were affected by a low Signal to Noise Ratio (SNR); thecoefficient of determination of the fit (R-square) was 0.65 while theuncertainty was around 1.9% for the energy and below 30% for thedivergence.A 1 s integration and a 5 s integration measurements were performedas well: the SNR was increased, as well as the goodness of fit. In the 1 sintegration case, for instance, the R-square value became 0.92 while theuncertainty became around 1.4% for the energy and below 12% for the
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Table 1Main beam parameters for two different working points at SPARC_LAB. Thevalues were measured with conventional devices and techniques (Beam cur-rent monitor for the charge, dipole for the energy and quadrupole scan for thebeam divergence). The values between brackets represent the uncertainty of themeasurements.
Data set 1 Data set 2
𝐸 (MeV) 110.82 (0.07) 123.1 (0.04)
𝛥𝐸∕𝐸 (%) 0.13 (0.002) 0.06 (0.0002)
𝑄 (pC) 108 (3) 120 (4)
𝜎′𝑥 (mrad) 0.52 (0.03) 1.1 (0.09)
𝜎′𝑦 (mrad) 0.66 (0.02) 1.04 (0.09)
Table 2Beam energy and divergence measured at SPARC_LAB for the ‘‘Data Set 1’’ work-ing point and for 3 different configurations (Single shot, 1 s integration and5 s integration). The values between brackets represent the uncertainty of themeasurements.
Data set 1 𝐸 (MeV) 𝜎′𝑥 (mrad) 𝜎′𝑦 (mrad)Single shot 105.35 (2.04) 0.72 (0.21) 0.74 (0.17)10 shots 108.33 (1.53) 0.75 (0.09) 0.77 (0.08)50 shots 109.87 (0.55) 0.72 (0.04) 0.78 (0.06)
Table 3Beam energy and divergence measured at SPARC_LAB for the ‘‘Data Set 2’’ work-ing point and for 2 different configurations (Single shot and 1 s integration). Thevalues between brackets represent the uncertainty of the measurements.
Data set 2 𝐸 (MeV) 𝜎′𝑥 (mrad) 𝜎′𝑦 (mrad)Single shot 122.13 (2.04) 1.4 (0.1) 1.3 (0.1)10 shots 123.66 (1.02) 1.3 (0.05) 1.2 (0.04)
Fig. 2. Horizontal profile of the OTR angular distribution of a 108 pC beamwith energy of 111 MeV and divergence of 0.6 mrad (‘‘Data Set 1’’ in Table 1).The red dots represents the data of a 5 s Integration measurement (the machineoperates at a repetition rate of 10 Hz), while the blue line is the fitting curve(Eq. (3)).
divergence. The 5 s integration case, shown in Fig. 2, gave an R-squarevalue of 0.97 while the uncertainty was around 0.5% for the energy andbelow 8% for the divergence.Also the accuracy of the measurement, calculated with respect to thevalues in Table 1, increased: for the energy measurement, it went from95% of the single shot case to the 99% of the 5 s integration case (in the1 s integration case, the accuracy was 98%). For the divergence, instead,the accuracy remained around a value of 90% (see Table 2).For the second working point, the measurements were done in thesingle shot configuration and with 1 s integration; in the first case,shown in Fig. 3, the R-square value was 0.82 while the uncertainty wasaround 1.7% for the energy and below 8% for the divergence.
Fig. 3. Horizontal profile of the OTR angular distribution of a 120 pC beamwith energy of 123 MeV and divergence of 1.1 mrad (‘‘Data Set 2’’ in Table 1).The red dots represents the data of a single shot measurement, while the blueline is the fitting curve (Eq. (3)).
Fig. 4. Horizontal profile of the OTR angular distribution of a 120 pC beamwith energy of 123 MeV and divergence of 1.1 mrad (‘‘Data Set 2’’ in Table 1).The red dots represents the data of a 1 s integration measurement (the machineoperates at a repetition rate of 10 Hz), while the blue line is the fitting curve(Eq. (3)).
In the 1 s integration case, shown in Fig. 4, the R-square value was0.98 while the uncertainty was around 0.8% for the energy and below4% for the divergence.The accuracy was 99% for the energy and around 80% for thedivergence in the single shot case, and it increased to 99.5% for theenergy and 85% for the divergence in the 1 s integration case (seeTable 3).In order to perform a distributed energy measurement along theGBS, these results were promising: since the OTR intensity is linearlydependent on the charge and, due to the fact that the GBS bunch chargeis 250 pC, this uncertainty and accuracy results are expected for a beamenergy around 50 MeV.Furthermore, the beam energy has an effect on the OTR intensityand on the angular spread; the appropriate optics must be used in orderto perform an accurate fit, putting enough points between the peaksand in the tails (a common rule of thumb is to acquire in the range
𝜃 ∈ [−3∕𝛾 ∶ 3∕𝛾]). This can be done changing the focal length (a biggerfocal length implies a smaller field of view) or the sensor pixel size; inany case, the same optic system guarantees a wide range of energies(i.e. the one used in this experiment has a focal length of 400 mm and itcan measure energies between 30 MeV and 3 GeV but with an increaseduncertainty). For lower energy (i.e. 10 MeV), a smaller focal length mustbe chosen. In the latter case, the intensity is decreased and an intensifierbecomes fundamental.
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Finally, if a single shot measurement is needed, the uncertaintydoubles with respect to the 1 s integration case both for the energy andthe divergence.
4. Conclusion and outlook
The OTR could be a very useful diagnostic tool in order to mea-sure the beam energy. Distributed energy measurements are foreseenespecially to evaluate the performances of the accelerating structures atthe ELI-GBS facility during the commissioning stage; indeed, the facilitywill be equipped with OTR diagnostic stations after each acceleratingmodule. This measurement will be useful in particular for the evaluationof the newly designed C-Band structures [8].Furthermore, the energy measurement is foreseen not only for multi-bunch pulses, but also for a single bunch of the pulse train, using agated camera system (i.e. Hamamatsu Orca4). In this case, the goal isto measure a single bunch within the pulse (i.e. first bunch of the firsttrain, second bunch of the second train, etc.) and to evaluate the effectsof the head bunch on the tail bunches; this could be done only in thecommissioning stage, since this technique does not have the requiredresolution to measure the in-spec energy jitter shot to shot.The energy jitter shot to shot could also be evaluated after plasmainteraction if the SNR is high enough (i.e. high energy, high charge).Indeed, the data analysis shows a strong dependence of the uncertaintyto the SNR; also the accuracy of the measurement is affected by the SNR.The main advantages of this technique are the use of diagnosticsalready in place (OTR screens) and its compactness since no dipole isneeded. In case of a high energy jitter, this technique does not requireany tuning due to its wide range of applicability (𝐸𝑚𝑎𝑥∕𝐸𝑚𝑖𝑛 ≈ 100).The experimental data shows that the uncertainty of the mea-surement is good enough (around 2%) and that, in the single shotconfiguration, it doubles with respect to the 1 s integration case. This isuseful for plasma accelerated beams (i.e. EuPRAXIA@SPARC_LAB [9]).
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